Abstract. During puberty, the marked increases in both standing height and bone mass appear to be dissociated in time, the former occurring earlier than the latter. However, the age or pubertal stage at which this dissociation is maximal in girls as opposed to boys, and whether this dissociation is similar at all parts of the skeleton, are not clearly established. Standing height and bone mineral mass, as assessed by measuring areal bone mineral density (BMD), at the levels of the lumbar spine, femoral neck and midfemoral shaft, were measured in 98 females and 100 males between the ages of 9 and 19 years twice at a 1-year irtterval. In males, the greatest difference between height and BMD gains occurred in the 13-14 year age group and was more pronounced for the lumbar spine and femoral neck than for the midfemoral shaft. In females, the greatest difference was detectable at a younger age (11-12 year age group) and appeared to be of a lower magnitude than in males. In both genders, the maximal difference occurred during the period of peak height velocity, which corresponded to the pubertal stages P2-P3. Such a dissociation between the rates of statural growth and mineral mass accrual could define a state of relatively low bone mass and contribute to the higher incidence of fracture known to occur at the age and/or pubertal stage when this dissociation is maximal.
Introduction
The development of non-invasive techniques such as dual-energy X-ray absorptiometry (DXA) has made it possible to determine with precision and very low radiation exposure the pattern of bone mass, or more precisely of bone mineral mass accumulation at various sites of the axial and appendicular skeleton during infancy, childhood and adolescence [1] [2] [3] [4] [5] [6] [7] . During pubertal maturation, the pattern of bone mass accumulation differs markedly according to the skeletal site at which it is measured [2, 4] . Indeed, in both female and male subjects aged 9-19 years, bone mass, as assessed by measuring areal bone mineral density (BMD) or bone mineral content (BMC), increases 4 to 6-fold in both the lumbar spine and proximal femur, but only 2-fold in the femoral shaft [4] . It is noteworthy that the increase in skeletal mass during puberty is mainly due to an increase in skeletal size rather than in the volumetric density of the bones (for review see [8] ). Another important characteristic of bone mass accrual during puberty is its dissociation from the increase in standing height [2, 4] .
Various degrees of dissociation between these variables among individuals during puberty could explain the large height-independent variability seen in bone mass values in young healthy adults [9] . Furthermore, asynchrony between the rates of skeletal mass accrual and statural gain could be associated with a transient state of relatively low bone mass, and thereby with a decrease in the resistance to mechanical stress. Such a temporary delay in bone maturation with respect to longitudinal growth could be related to the sharp increase in the incidence of fractures observed during puberty [ 10] with a maximal peak of incidence occurring at the ages of 12 and 14 years in girls and boys, respectively [11] [12] [13] . In the present study we analyzed the characteristics of this dissociation between bone mass gains and standing height changes, and studied the age during adolescence at which the shift was maximal in females and males depending on the skeletal site assessed.
Subjects and Methods
The cohort studied has been extensively described in two previous publications [2, 4] . Briefly, the subjects (98 females and 100 males) aged 9-19 years were recruited through the State of Geneva Public Health Youth Service and among children whose parents were employees of the Geneva University Hospital. Each subject was examined twice at a l-year interval in a prospective manner. The mean interval between the two anthropometric and bone mass measurements was 1.04 _+ 0.01 and 1.03 + 0.01 years ill females and males, respectively. Both anthropometric and BMD values of the cohort are presented in Table 1 . The following exclusion criteria were applied: no parental approval, chronic disease, malabsorption, congenital or acquired bone disease, chronic drug consumption, intensive practice of physical exercise (>10 h/week), and weight/height ratio below the 3rd or above the 97th percentile. No subject had taken any prior therapy known to affect bone metabolism.
Height and weight were measured, and Tanner's stage assessed as previously described [2, 4] . Bone mass was determined by measuring the areal BMD using DXA (Hologic QDR-1000 or QDR-1000W instruments). BMD was measured at three skeletal sites: the lumbar spine (L2-4, LS), femoral neck (FN) and midfemoral shaft (FS). The in vivo coefficients of variation of repeated measurements were 1.0%, 1.6% and 1.5% for LS, FN and FS BMD, respectively [14] . As already reported [15] , at the level of FN the height (i.e the dimension parallel to the hip axis) of the region of interest (ROI) rectangular box was maintained constant from one examination to the other. Only the width (i.e. the dimension perpendicular to the hip axis) was adjusted to the growth of the bone in order to scan a similar proportion of soft tissue on each side of the femoral neck at both examinations [15] . The in vivo coefficients of variation of repeated measurements were 1.0%, 1.6% and 1.5% for LS, FN and FS BMD, respectively [14] .
To further analyze the changes occurring at the level of LS, the height (mm) of the ROI was determined by multiplying the number of lines from the lower edge of L4 to the upper edge of L2 by a conversion factor (1 line = 1.003 mm) [15] . An estimate of the mean vertebral width was derived by dividing the scanned area by the height of L2-4 [15] . To assess to what extent the changes in areal BMD in LS would be due to gains in bone size as compared with volumetric bone mineral density, an estimate of this latter variable (bone mineral apparent density, BMAD) was calculated by dividing BMC by a volume derived from the projected area and height of L2-4 (volume = 3.1415 x area x area/4 x height) as previously described [16, 17] .
The relationship between bone mass accrual and standing height gain was established by using the data collected first cross-sectionally and then longitudinally. For the cross-sectional analysis, the 100% reference for the gains in BMD and standing height achieved during pubertal maturation was calculated as the difference between the mean values determined in the 18-20 year and 9-10 year groups at the first visit. As calculated from the results of Table 1 , the 100% gains in the oldest (18-20 years) and youngest (9-10 years) age groups were as follows in females and males, respectively: A BMD LS, 0.418 and 0.363 g/cm2; A BMD FN, 0.241 and 0.259 g/ cme; A BMD FS, 0.550 and 0.682 g/cm2; A Height, 29.0 and 37.7 cm. Then, the percentage gain in bone mass relative to the gain in height, achieved at the peak height velocity (PHV), was calculated. During puberty, PHV is known to occur at mean ages of approximately 12.5 and 14.5 years in females and males, respectively [12, 18] . Thus, the data from the group of 12-13 year females and that of 14-15 year males (Table 1) were compared.
For the longitudinal analysis, the 100% reference represented the sum of the changes determined in each age group. As calculated from the results of Table 1 , the 100% gains were as follows in females and males, respectively: sum A BMD LS, 0.330 and 0.403 g/cm2; sum A BMD FN, 0.160 and 0.178 g/cm2; sum A BMD FS, 0.389 and 0.694 g/cm2; sum A Height, 24.2 and 37,2 cm. The same analysis was applied to the morphometric, BMC and BMAD data of L2-4 ( 
Results

Cross-Sectional Study
At PHV, 51% and 78% of the total height gain occurring between the ages of 9-11 and 18-20 in females and males, respectively, had already been achieved (Fig. 1) . In contrast, in the same age groups LS BMD gains were only 25% and 51% of the total 9-20 year changes in females and males, respectively. Analysis of FN BMD gains yielded results similar to those of LS BMD. The gain in FS BMD (32%) was similar to that observed for LS or FN BMD in the female subjects. However, in males the increase in FS BMD (66%) reached a level intermediate to those attained for height and LS or FN BMD (Fig. 1 ). Cumulative percentage gain in standing height and areal bone mineral density (BMD) achieved at the time of peak height velocity, which was attained in the 12-13 year female and 14-15 year male groups. One hundred percent corresponds to the difference between the 18-20 year and 9-11 year groups, as specified in Subjects and Methods.
Standing Height
Longitudinal Study
In Figs 2-4, the cumulative gains in LS, FN and FS BMD are compared with the increase in standing height relative to age. The relationship differed according to gender. Overall, there was a shift in height gains relative to gains in BMD, with bone mass accrual lagging behind changes in statural growth. In females this time lag between the gains in BMD and height was more pronounced for LS BMD ( Fig. 2 ) than for FN BMD (Fig. 3) , and very small for FS BMD (Fig. 4) . In males the time lag in BMD was clearly detectable at the three skeletal sites, although it was somewhat less pronounced at FS than at either LS or FN (Figs 2-4). The differences between the cumulative BMD changes and height gains at the three skeletal sites were then analyzed as a function of age (Fig. 5 ). In males, the greatest difference, i.e. the maximal delay in bone mass gain compared with standing height growth, was observed in the 13-14 year age group. It amounted to 28%, 31% and 23% for LS, FN and FS BMD, respectively. In this male cohort, PHV was determined in the same 13-14 year age group: 7.9 ± 0.7 cm/year compared with 6.9 ± 0.7 cndyear and 5.9 ± 1.1 cm/ year in the preceding (12-13 year) and following (14-15 year) age groups (Table 1 ). In females, the greatest difference in bone mass accumulation at both LS and FN levels compared with statural growth, was observed 2 years earlier than in males, i.e. in the 11-12 year group (Fig. 5) . It was somewhat less pronounced than in males, with differences amounting to 22% and 20% for LS and FN BMD, respectively. In this female cohort, PHV was determined in the same 11-12 year age group: 7.5 __ 0.4 crrdyear compared with 5.9 _+ 0.4 cm/year and 6.1 -t-0.6 cm/year in the preceding (9-11 year) and following (12-13 year) age groups (Table 1 ). In females, the time lag betwen FS BMD gains and statural growth changes was much shorter than for the two other skeletal sites, the difference being not greater than 5 -6 % between the ages of 11 and 14 years, with no evident maximal value. As previously reported [4] , the maximal height increase was recorded at pubertal stage P2-P3 in both females and males, while the maximal bone mass gain was detected at stage P3-P4 (Table 2) . Analyzed in terms of the percentage of total cumulative gain Areal bone mineral density (BMD) was determined at the level of the lumbar spine (L24, LS), femoral neck (FN) and midfemoral shaft (FS).
Values are means ± SEM. A refers to the change achieved during the next year. Height = standing height. as compared with standing height at peak height velocity. The bars correspond to the percentage at peak height velocity of the total gain achieved between age 9-11 and 18-20 years for L 2~ height, mean width, scanned area, bone mineral content (BMC), areal bone mineral density (BMD) and the estimate of volumetric bone mineral density (BMAD). The percentages were calculated from data presented in Table 3 . The 100% gains of the lumbar variables are indicated in Subjects and Methods. Values are means -t-SEM. They correspond to the scanned area, height and mean width of L2-4. Bone mineral apparent density (BMAD) was derived from the formula: BMC/volume, where BMC is bone mineral content. Volume = (3.1415 x area × area)/(4 x height).
achieved in stages P1-P5, the maximal differences between bone mass and height gains were recorded at stage P2-P3 (Fig. 6) . The difference between LS BMD and height gains recorded in P3-P3 females was fully comparable to that derived from the measurements made in males at the same stage of pubertal maturation. For the two other sites (FN and FS) the sex-related difference depicted in Fig. 5B and C from ages 13 to 16 years was still apparent when the data were analyzed in relation to pubertal stage (Fig. 6B, C) . The delay in bone mass accumulation relative to height gain remained less pronounced in P2-P3 females than in males at the same stage of pubertal maturation. At the lumbar spine level analysis of the longitudinal morphometric, BMC and BMAD data presented in Table  3 in terms of relative gains at PHV is illustrated in Fig. 7 . It appears that at PHV in both genders the lag behind the standing height gain is more pronounced for LS BMAD, BMC and BMD than for the dimensions of the vertebrae.
Discussion
Asynchrony Between Bone Mass' and Height Gain
The foregoine analysis confirms the existence during pubertal maturation of a time lag between bone mineral mass acquisition, as assessed by DXA at different skeletal sites containing various proportions of trabecular and co,'tical bony tissue, and statura] growth. This analysis has made it possible to quantify the difference in statural and bone mass maturation and to determine at what age and pubertal stage it reaches its maximum. The main results of this analysis indicate that overall the delay is of a greater duration in males than females and is also more pronounced in the former, particularly at the levels of the femoral neck and midfemoral shaft. The delay is maximal at PHV, i.e. at the ages of 11-12 years in females and 13-14 years in males. These ages correspond in both genders to pubertal stages P2-P3. The period during which bone mass accrual lags behind the gain in standing height could modify the resistance to mechanical stress at certain sites of the skeleton. Indeed, one can consider this period as a phase during which the bones are relatively 'thin' in comparison with the mass of soft body tissue. Analysis of the morphometric and bone mineral density variables at the lumbar spine level suggests that an important asynchrony occurs at PHV between the accumulation rate of mineralized tissue and the growth in size of the vertebrae. Therefore, it is interesting to discuss the results of our analysis in relation to the risk of fracture during adolescence.
Incidence of Fracture During Adolescence
Each year, 1 out of 7 children undergoes a medical examination because of trauma. Among those having such a medical examination, 6 out of 10 are males. This sex ratio appears to remain constant from age 2 to 15 years, as reported by Westfelt who recorded 12265 accidents in the area of G6teborg in Sweden [19] . In injured children, fractures represent between 20% and 30% of all the diagnoses. Other epidemiological reports indicate that for all recorded fractures during childhood and adolescence the ratio of males to females is 2.7. However, in the adolescent group the male/female ratio increases to 5.5 [20] . In another epidemiological study also conducted in a Sweden urban population, the overall incidence of fractures was found to be 165 in females and 257 in males per 10000 children and adolescents aged less than 17 years [21] . The incidence of fractures in male subjects increased steeply between the ages of 9 and 14 [121] . This increase was mainly due to a higher incidence of wrist, hand, ankle and foot fractures resulting to a large extent from low-energy trauma. In this report, the possibility was suggested that the increased fracture incidence recorded between the ages of 9 and 14 in males was related to some changes in mechanical resistance, particularly for wrist fractures [1211. In another more recent Canadian epidemiological study concerning fractures of the distal part of the radius during childhood and adolescence, the age of peak of fracture incidence corresponded to the age of PHV, in both fcmales and in males [12] . This association could be attributed to a transient period of relative bone weakness due to a putative dissociation between rates of skeletal growth and bone mineralization [121. In a still more recent Belgian investigation in boys, a similar association between peak of fl'acture incidence and PHV was documented [13] . Interestingly, the increased fracture rate did not appear to be due to a higher level of physical activity during this period of adolescence.
Bone Mass and Fracture During Adolescence
In the abovementioned Belgian study [13] , cortical thickness was measured at the level of the second metacarpal bone. No significant difference between the fractured and non-fractured groups was found. But, as mentioned by the authors, radiographic measurements of cortical thickness provide only indirect and imprecise estimates of bone mineral content or density and are poorly correlated with absorptiometry measurements [13] . Furthermore, an increase in the porosity of the cortical shell could contribute to the transient fragility observed during the spurt of adolescent growth, as postulated by Parfitt [22] .
In a very small cohort, bone mass was evaluated by determining the areal BMD at the level of the proximal radius using single photon absorptiometry (SPA) in children with fractures compared with matched nonfractured controls [23] . SPA was performed about 16 months after the fracture. A reduced bone mass relative to matched controls was found in 12 out of 17 children with a limb fracture [23] . In another study, a statistically non-significant reduction in bone mass at the level of the femoral neck and Ward's triangle was reported [24] . Finally, in a cohort of 90 children with fracture, bone mass was found to be reduced by 8% relative to matched controls in the subgroup of fractures produced by lowenergy trauma [21] .
Bone mass is an important but not the only determinant of bone strength. During puberty several major transformations occur, including marked increases in standing height, muscle mass and strength. The total body moment of inertia is modified in a curvilinear manner, with a marked acceleration during the 10-15 year period [25] . These modifications per se, and the relatively poor judgement and recklessness frequently seen in adolescents, may lead to them having a greater tendency to fall, with a corresponding increase in the risk of incurring fracture.
Other Expressions of Bone Fragility
A number of skeletal pathological situations are characteristic of the period of PHV. In Scheuermann's disease, transient bone fragility could explain the disruption of the endochondral plate. Bone mass was determined in patients suffering from this disease without showing definite results [26] . As compared with age-matched controls, a significantly lower bone mass at the level of the lumbar spine was recorded in 10 patients suffering from Scheuermann's disease [26] . In another report, trabecular bone density as measured by quantitative computerized tomography (QCT) was not found to be diminished [27] . Scoliosis and stress fractures were also mentioned as possible consequences of inadequate calcification during the rapid phase of adolescent growth [28] .
It is not known whether adolescents experiencing lowenergy fractures display a particularly important dissociation between bone mass accrual and statural height gain, relative to age-and pubertal stage-matched nonfractured subjects. Bone mass has only been determined in a few studies [13, 21, 23, 24] . Definite conclusions are difficult to draw since in these studies the cohorts were rather small, the age ranges were wide, fractures at all body sites were pooled, bone mass was not always determined with precise and accurate techniques, and measurements were sometimes performed long after the fracture occurred. Prospective studies aimed at determining the magnitude of the asynchrony between bone mass accrual and height gain in children and adolescents experiencing low-energy fractures should be considered in order to document this 'transient bone fragility hypothesis'. Such studies will require longitudinal prospective investigations involving a large number of subjects recruited at the beginning of pubertal maturation.
